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Abstract
As the complexity and resolution of modern detectors increases, the need for detailed simulation of the experimental
setup also becomes more important. Designing detector systems composed of many disparate subsystems requires ef-
ﬁcient tools to simulate the detector response and reconstruct the events. Comparisons of diﬀerent technology options,
or geometric layouts, are facilitated if the results can be obtained with a common simulation and reconstruction frame-
work. We have developed eﬃcient and ﬂexible tools for detailed physics and detector response simulation as well as
event reconstruction and analysis. The primary goal has been to develop a software toolkit and computing infrastructure
to allow physicists from universities and labs to quickly and easily conduct physics analyses and contribute to detector
research and development with a minimal investment of time and eﬀort. The application harnesses the full power of
the Geant4 toolkit without requiring the end user to have any experience with either Geant4 or C++, thereby allowing
the user to concentrate on the physics of the detector system. The reconstruction software and analysis environment are
written in Java, providing a modern, object-oriented platform which is independent of the computing operating system.
c© 2011 Published by Elsevier BV. Selection and/or peer-review under responsibility of the organizing committee for
TIPP 2011.
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1. Mission Statement
As part of the American Linear Collider Physics Group’s (ALCPG) simulation and reconstruction eﬀort,
we set out to provide a full detector response simulation program which would free our end users from hav-
ing to write C++ code or to be expert in the details of the physics simulation to design and study a detector.
The system should be powerful, yet simple to install and maintain and be ﬂexible enough to accommodate
new detector geometries and technologies. All of the detector properties, not just the geometry, should be
deﬁnable at runtime with an easy to use format. The output simulated detector response should be made
available in a simple, well-documented format, allowing further processing or event reconstruction to be
undertaken with a minimum of eﬀort.
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2. Simulating the Detector
The solution uses the Geant4 toolkit [1] to model the interaction of particles with matter and ﬁelds. A
thin layer of non-Geant4 C++ code provides access to the event generator, the detector geometry description
and the detector hits output. We selected XML as the textual ﬁle format for the geometry description, and
extended the existing Geometry Description Markup Language (GDML) [2] for pure geometry description
to incorporate missing features required for a full detector description. The simulation output is a simple
binary format with bindings for multiple languages.
2.1. Detector Response using Geant4
The Geant4 toolkit is the de facto high-energy physics standard for simulating the interaction of particles
with ﬁelds and materials. However, the end user is normally required to write their own C++ program
to access the libraries, and the learning curve for setting up the detector geometry and deﬁning sensitive
elements and readout can be quite daunting. We have developed the detector response package, slic [3] ,
which is based on the Geant4 toolkit but deﬁnes generic input and output formats as well as a textual detector
description. This allows the end user to fully describe the detector geometry and readout at runtime using
a plain text ﬁle in an XML format. We provide precomplied executable programs for Windows, Mac OSX
and several ﬂavors of Linux, as well as simple build scripts to install and build the program from scratch.
2.2. Detector Description using GDML and lcdd
The detector geometry, typically the most complex part of a detector simulation, is described at run-
time using a standard XML format rather than procedural C++ code. GDML is an application-independent
geometry description format based on XML developed at CERN for high energy physics applications. It
can be used as the primary geometry implementation language or it can provide a geometry data exchange
format for existing applications. It provides expressions, materials, solids, volume deﬁnitions and a ge-
ometry hierarchy. We adopted this as the basic geometric description and extended it to include detector
identiﬁers, deﬁnitions of sensitive detectors, regions, physics limits and cuts, physics list deﬁnitions and
electromagnetic ﬁelds, either as simple parameterizations (e.g. solenoidal or dipole ﬁelds) or as ﬁeld maps.
This expanded, complete detector description language is known as lcdd [4].
The full detector designs must be optimized for maximum performance while being constrained by a
reasonable cost. At the level of the full detector, diﬀerent combinations of subdetector parameters need
to be studied. It may therefore be true that although any particular subdetector may not be optimal, the
detector as a whole may have optimal performance. Although the geometry interface targets basic Geant4
shapes, and therefore any detector could be modeled, the focus of this particular presentation is on high
energy physics collider detectors. Although modern collider detectors have converged on a common cylin-
drical topology, the exact composition of the trackers and calorimeters varies between concepts. Since the
number of possible full detector designs that need to be modeled by the simulation software is quite large,
detector simulation software for the International Linear Collider (ILC) [6] needs to provide capabilities that
facilitate an iterative development cycle allowing rapid prototyping of these detector geometries. Changes
to the detector geometry must not only be easy to make but also easily to propagate to all packages that
depend on this information, from the simulator through reconstruction and analysis algorithms to the event
display. The detector geometry should be treated as conditions; client programs need random access to full
detector designs based on the current physics event. The runtime XML format allows variations in detector
geometries to be easily set up and studied.
• Absorber materials & readout technologies for sampling calorimeters (W, Cu, Fe + RPC, GEM, scin-
tillator, ...)
• Optical processes for dual-readout or crystal calorimeters (Cherenkov, scintillation)
• Layering (radii, number, composition)
• Readout segmentation (cell size, projective vs. nonprojective)
• Tracking detector technologies (e.g. TPC, Si μstrip, Si pixel)
• Tracking detector topologies (e.g. nested vs Barrel + endcap)
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A recent development allows the importation of models developed with CAD systems. This allows elements
of arbitrary complexity to be easily incorporated into the detector design. However, there is a price to be
paid in terms of computing time. Furthermore, these geometrical elements cannot be assigned as a sensitive
element and are not available to the later stages of analysis, e.g. the reconstruction and event display. They
are, therefore, best suited to support material. From the users perspective, the LCDD format can be too
verbose and complex for hand editing. Typically, researchers want to change a few parameters such as
inner radius or layering scheme and have these changes automatically propagated to create the detailed full
geometry. The Compact Detector Description, henceforth referred to as the compact description, is a high-
level format designed to facilitate this type of usage. The GeomConverter Java package converts compact
descriptions to LCDD. It also supports the geometry formats used by the fast simulation programs and the
event display. It can also create Java runtime objects representing the detector geometry for the org.lcsim
reconstruction and analysis framework. The following is a simple example of a compact description of a
sampling Si/W barrel calorimeter:
<detector id="2" name="EMBarrel" type="CylindricalBarrelCalorimeter" readout="EMHits">
<dimensions inner_r="150.1*cm" outer_z="208.0*cm" />
<layer repeat="20">
<slice material="Tungsten" thickness="0.25*cm" />
<slice material="Silicon" thickness="0.032*cm" sensitive="yes" />
</layer>
</detector>
The task of expanding this into the twenty layers of absorber and readout, positioning each layer correctly
and assigning a sensitive volume to each layer of silicon would be handled by the GeomConverter package,
freeing the end user to concentrate on the essential topological description of the detector.
Extremely complicated detector geometries can be simulated quite easily with the compact description,
as shown in the following images of the Silicon Detector tracker
Fig. 1. Cross section and 3D cutaway view of the Silicon Detector Tracker as modeled in Geant4.
By insisting that all client applications refer to the compact description for the detector geometry we
ensure a commensurate setup at all times from simulation, through reconstruction to event display.
2.3. I/O
For persistence of the detector response, we developed LCIO [5] , a simple event data model and per-
sistency framework used by the ILC community. Because there is no eﬃcient way of encapsulating all
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of the myriad sensitive detector technologies in a single application, we chose to write out the simulated
deposition of energy in sensitive detectors, and allow the end user to apply all digitization (e.g. develop-
ment of the signals and electronic response) at the reconstruction or analysis stage. High energy physics
collider detectors, although incredibly complex, can be broken down into two distinct types of measurement
devices: non-destructive, position-sensitive devices usually referred to as trackers, and destructive, energy-
sensitive detectors identiﬁed as calorimeters, information from which is usually measured only in aggregate,
i.e. within some reasonably large readout volume. The output from the detector response simulation then
consists simply of collections of generic tracker and calorimeter hits along with the complete Monte Carlo
particle hierarchy, including secondaries produced in the simulation. LCIO is performant, with on-the-ﬂy
data compression and random access, well documented, with C++, Java, python and FORTRAN bindings.
3. Event Reconstruction and Analysis using org.lcsim
The Java based toolkit org.lcsim [7] is used for full event reconstruction and analysis. Java provides both
a very powerful object-oriented language for development and transparent cross-platform portability. The
code can be run standalone or within the Java Analysis Studio (JAS3) an integrated development environ-
ment.
The tracking components are fully modular and are available for tasks from digitization of tracking
detector signals through to cluster ﬁnding, pattern recognition, track ﬁtting, and analysis. Very detailed but
ﬂexible simulation of the response of position sensitive silicon detectors to charge deposition is possible,
including variable readout dimensions (e.g. pixels or strips), various media, electric and magnetic ﬁeld maps,
detailed energy loss simulation using specialized code, electronics response, including electronics noise or
ineﬃciencies, propagation of the signal to readout (e.g. simulation of CCD clocking) and digitization of the
signal. Ab initio track ﬁnding packages are available for a number of tracker geometries, and ﬁtting code
incorporating multiple scattering and energy loss via a weight matrix approach is provided. Additionally,
analytic covariance matrices, derived from the compact geometry description, are available for fast Monte
Carlo studies or to serve as a benchmark for the full reconstruction.
Multiple calorimeter clustering algorithms are provided, as well as an abstract interface for developing
and implementing new techniques. Cluster-based particle identiﬁcation code is also available to identify
clusters arising from electromagnetic showers or minimum ionizing traces left by muons.
Java, with its ”write once, run anywhere” capabilities, provides the ability to distribute the exact same
libraries on all platforms (Windows, Mac, Linux) using the Java Virtual machine. However, the use of
LCIO as a standard event data model and persistency format allows straightforward use of programs written
in other languages to access, reconstruct and analyze the simulated data.
4. Detector Design for the ILC
The set of applications described here has been successfully used to design the Silicon Detector [8],
one of the two concepts currently being investigated to study the physics of high energy electron-positron
collisions at the ILC. The optimization process for the detector design started out with a number of simpliﬁed
geometries, with the complexity of the simulations increasing as the designs became more mature. The
current model is quite sophisticated, including most of the details of the engineering models for the support
and assembly of the detectors, as well as the electronic readouts currently being considered.
5. Summary
The ALCPG physics and detector simulation group has developed eﬃcient and ﬂexible tools for detailed
physics and detector response simulation as well as event reconstruction and analysis. Although primarily
used for the design and optimization of large detectors being considered for the ILC, we believe they are
suited for use beyond this application domain and provide ready-to-use functionality for researchers inter-
ested in studying the response of imaging detectors in any ﬁeld.
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